Remodeling of the epithelial basement membrane zone (BMZ) involves increased deposition of collagen, resulting in thickening of the BMZ. The current study focuses on fibroblast growth factor-2 (FGF-2) in the tracheal BMZ in house dust mite allergen (HDMA)-sensitized infant rhesus monkeys, challenged with HDMA at a time when the BMZ is undergoing active postnatal development. To detect structural changes in the BMZ, we measured collagens I, III, and V. To detect changes in the function of the BMZ, we measured immunoreactivity of the heparan sulfate proteoglycan, perlecan, and FGF-2. We found significant thickening of the tracheal BMZ (p Ͻ 0.05) with each of these parameters. We also found that all HDMA tracheal samples expressed thin focal areas of the BMZ associated with leukocyte trafficking. These areas were depleted of perlecan and FGF-2; however, increased FGF-2 immunoreactivity was present in the adjacent basal cells. We conclude that basal cells and FGF-2 are involved with significant remodeling of the BMZ in the developing trachea of infant rhesus monkeys exposed to HDMA. (Lab Invest 2002, 82:1747-1754.
T he basement membrane zone (BMZ) is the central structure of the epithelial-mesenchymal trophic unit. The epithelial-mesenchymal trophic unit consists of opposing layers of epithelial and mesenchymal cells separated by the BMZ (Evans et al, 1993 (Evans et al, , 1999 Holgate et al, 2000) . The BMZ has a number of functions in the epithelial-mesenchymal trophic unit. It is specialized for attachment of epithelium with the extracellular matrix. It also serves as a barrier; binds specific growth factors, hormones, and ions; is involved with electrical charge and cell-cell communication (Adachi and Hayashi, 1997; Crouch et al, 1997; Sannes and Wang, 1997) . Remodeling of the epithelial BMZ involves increased deposition of subepithelial collagen resulting in thickening of the BMZ (Bousquet et al, 2000; Brewster et al, 1990; Redington, 2000) . The lamina reticularis is the region of the BMZ in human large airways that accumulates collagen and leads to the subepithelial fibrosis associated with asthma. Thickening of the BMZ is thought to protect against airway narrowing and air trapping (Milanese et al, 2001) . It is not known how remodeling affects the various functions of the BMZ.
The BMZ appears as three component layers when viewed with transmission electron microscopy: the lamina lucida, the lamina densa, and the lamina reticularis. Together they make up the basal lamina. The lamina reticularis is not apparent in all tissues; however, it is well developed under multilayered epithelium. It is especially pronounced under the respiratory epithelium of large conducting airways, where it may be several microns thick (Merker, 1994) . The lamina reticularis is made up of numerous collagen fibrils. Immunohistochemical studies have shown that the collagen fibrils consist of Types I, III, V, VI, and VII collagen (Merker, 1994) . The collagen fibrils are arranged as a mat of large fibers oriented along the longitudinal axis of the airway when viewed with scanning electron microscopy. Smaller fibers are cross-linked with the larger fibers to complete this structure (Evans et al, 2000b) . The BMZ also has numerous pores (Evans et al, 2000b; Howat et al, 2001) . Heparan sulfate proteoglycans (perlecan), chondroitin sulfate proteoglycans (bamacan), and growth factors bound to the proteoglycans are within and around the collagen fibrils (Roberts et al, 1997; Sannes et al, 1992 Sannes et al, , 1993 ).
Binding and storage of growth factors is an important function of the BMZ. Fibroblast growth factor-2 (FGF-2) is the main growth factor stored in the BMZ (Folkman et al, 1988; Sannes and Wang, 1997) . The FGF-2 is stored in the BMZ of airway and alveolar epithelium, endothelium, and smooth muscle cells in the lungs of developing and adult rats (Powell et al, 1998; Sannes et al, 1992) . Presumably it is stored in the BMZ for rapid cellular responses to changes in local environmental conditions in the epithelialmesenchymal trophic unit (Bikfalvi et al, 1997; Iozzo, 1998; Nugent and Iozzo, 2000 ; Taipale and Keski-Oja, Figure 1c . c, In the area of leukocyte trafficking (arrowheads), the BMZ appears to be degraded. The magnification of b and c is the same. Bar ϭ 10 m.
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1997). The FGF-2 is stored in the BMZ through binding with perlecan, a heparan sulfate proteoglycan that is an integral constituent of the BMZ. It can be released from perlecan in response to various conditions and become an important cytokine within the local microenvironment of the epithelial-mesenchymal trophic unit (Bikfalvi et al, 1997; Dowd et al, 1999) . Thus, perlecan functions in part as a regulator of FGF-2 function.
We recently defined development of the BMZ in the trachea of infant rhesus monkeys at 1 to 6 months of age (Evans et al, 2002) . To document structural changes in the developing BMZ, we measured immunoreactivity of collagen types I, III, and V. To detect more dynamic, functional components of the BMZ, we evaluated the distribution of perlecan, FGF-2, and fibroblast growth factor receptor-1 (FGFR-1). Onemonth-old monkeys had a mean collagen BMZ width of 1.5 Ϯ 0.7 m. This increased to 4.0 Ϯ 0.9 m in 6-month-old monkeys. Perlecan was localized in the BMZ of the epithelium at all ages. The FGFR-1 immunoreactivity was expressed by basal cells and cilia and weakly in the nuclei of columnar cells at all time points. The FGF-2 was strongly expressed in basal cells at 1 to 3 months but not in the BMZ. However, the opposite distribution of FGF-2 was observed at 6 months. It was now expressed strongly throughout the BMZ and weakly in basal cells. The BMZ width of 4.0 Ϯ 0.9 m is similar to the width measured in adult rhesus monkeys (4.2-6.3 m) (Evans et al, 2000a) . We concluded that (1) development of the BMZ is a postnatal event in the rhesus monkey and (2) FGF-2 expression by basal cells is associated with development of the BMZ.
In a previous study of adult rhesus monkeys sensitized with house dust mite allergen and exposed to allergen, we found significant remodeling of the BMZ (Schelegle et al, 2001) . The purpose of the present study was to determine if a similar allergen treatment affected development of the BMZ in infant rhesus monkeys. Here we focus on FGF-2 in the tracheal BMZ in house dust mite allergen (HDMA)-sensitized infant rhesus monkeys challenged with HDMA during the first postnatal 6 months. From our previous study, we know this is a time when the BMZ is undergoing active postnatal development (Evans et al, 2002) . To detect structural changes in BMZ development, we measured collagens I, III, and V. To detect functional changes in the BMZ, we measured the distribution of perlecan and FGF-2. .3 Ϯ 0.8 m, was significantly greater (p Ͻ 0.05) than the filtered-air group. b, Collagen I immunoreactivity was much less in the thin regions of the BMZ associated with leukocyte trafficking (arrowhead). c, Perlecan immunoreactivity in the BMZ (arrowhead) and walls of blood vessels (arrow). The intensity was greater in the walls of blood vessels compared with the BMZ. The mean width of the BMZ, 5.5 Ϯ 1.0 m, was significantly greater (p Ͻ 0.05) than the filtered-air group. d, Perleclan immunoreactivity was much less in the BMZ associated with leukocyte trafficking (arrowhead); however, the intensity was normal in the walls

Results
Morphology
The tracheal rings used in this study were similar in both groups (Fig. 1a) . The mean diameter of the trachea was 3.6 Ϯ 0.3 mm in the filtered-air group and 3.7 Ϯ 0.2 mm in the HDMA group. The mean height of the columnar epithelium in the filtered-air group was 49.3 Ϯ 5.2 m and in the HDMA group 47.3 Ϯ 2.6 m. In each group, the epithelium was morphologically similar. The columnar epithelium was comprised mainly of ciliated and goblet cells; however, there appeared to be more goblet cells in the HDMA group. The basal cells formed a layer covering most of the BMZ. The BMZ was a distinctive and wide structure that appeared to be wider in the HDMA group (Fig. 1b) . The attenuated fibroblast sheath surrounding the BMZ was present in both groups. Leukocyte trafficking was present in focal areas of BMZ in the HDMA group (Fig.  1c) . Fig. 1 , b and c are from the same area of the tracheal ring depicted in Figure 1a (areas 1 and 2, respectfully), illustrating the focal nature of leukocyte trafficking in the airway.
Immunohistochemistry
Collagen. In the BMZ of both the filtered-air and HDMA groups, immunoreactivity was strong for collagens I, III, and V. There was no apparent difference between the immunohistochemistry images of the three collagens, and collagen I was chosen for illustration ( Figs. 2a and 3a) . The mean width of the collagen I, III, and V BMZ in the filtered-air group was 4.4 Ϯ 0.5 m, 4.5 Ϯ 0.3 m, and 4.8 Ϯ 0.6 m, respectively. In the HDMA group, immunoreactivity for collagens I, III, and V increased significantly in width (p Ͻ 0.05) to 6.3 Ϯ 0.8 m, 6.6 Ϯ 1.4 m, and 5.7 Ϯ 0.6 m, respectfully (Table  1) . The significant increase in collagen BMZ width in the HDMA group is characteristic BMZ remodeling. ANOVA indicated there were no differences between measurements of the collagen I, III, and V widths within treatment groups, illustrating the fact that they form heterogeneous fibers in the BMZ.
Perlecan. Immunoreactivity was localized in the BMZ of the epithelium and the walls of blood vessels in both the filtered-air and HDMA groups (Figs. 2b and 3c). The intensity was stronger in the walls of blood vessels compared with the BMZ. The mean width of the perlecan BMZ in the filtered-air group was 4.3 Ϯ 0.4 m. The mean width of the perlecan BMZ in the HDMA group increased significantly (p Ͻ 0.05) to 5.5 Ϯ 1.0 m (Table 1) . Weak immunoreactivity was also seen in basal cells of the HDMA group. ANOVA indicated there were no differences between measurements of perlecan widths and collagen I, III, and V widths within treatment groups, demonstrating that perlecan is an integral constituent of the BMZ.
FGF-2. Immunoreactivity for FGF-2 in the BMZ mirrored that of perlecan in both treatment groups. FGF-2 immunoreactivity was localized in the BMZ of epithelium and the walls of blood vessels (Figs. 2c and 3e) . The intensity was less in blood vessels when compared with the BMZ. The FGF-2 immunoreactivity was distributed throughout the BMZ, but the intensity was stronger on the epithelial surface. Immunoreactivity for FGF-2 was also present in and around basal cells. In the HDMA group, FGF-2 immunoreactivity within and around basal cells was much stronger than the filtered-air group. The FGF-2 immunoreactivity was weak in other extracellular matrix (ECM) sites. Overall, FGF-2 immunoreactivity was clearly more intense and more widely distributed in the HDMA group than in the filtered-air group. The mean width of the FGF-2 BMZ in the filtered-air group was 4.6 Ϯ 0.6 m. The mean width of the FGF-2 BMZ in the HDMA group increased significantly (p Ͻ 0.05) to 6.2 Ϯ 0.8 m (Table 1) . Increased FGF-2 immunoreactivity in basal cells has been related to growth of the BMZ, suggesting the BMZ in the HDMA group was growing. The FGF-2 is stored in the BMZ through binding with perlecan. ANOVA indicated there were no differences between measurements of perlecan and FGF-2 widths within treatment groups, demonstrating that FGF-2 is stored throughout the BMZ. However, the FGF-2 immunoreactivity was stronger near the epithelial surface, indicating there may be concentration differences of FGF-2 within the BMZ. The FGF-2 BMZ increased significantly in width, suggesting that a consequence of remodeling is the capacity to store more FGF-2.
Leukocyte Trafficking in the BMZ. In focal areas of BMZ in the HDMA group, leukocyte trafficking was present (Fig. 1c) . The BMZ was thin in these areas, and both collagen and perlecan immunoreactivity were weak (Figs. 3b and d) . The FGF-2 immunoreactivity was either absent or localized to the epithelial of blood vessels (arrows). e, There was more FGF-2 immunoreactivity in the BMZ from the HDMA group than the filtered-air group due to its greater width (arrowhead). The immunoreactivity associated with basal cells (BC) was also greater in the HDMA group. The intensity was less in the walls of blood vessels compared with the BMZ (arrow). The width of the HDMA group, 6.2 Ϯ 0.8 m, was significantly greater (p Ͻ 0.05) than the filtered-air group. f, FGF-2 immunoreactivity is weak or absent in regions of the BMZ associated with leukocyte trafficking (arrowhead). However, strong FGF-2 immunoreactivity was associated with basal cells (BC) and the lateral intercellular space between columnar cells (arrow). e, From the same region of the tracheal ring as Figure 1b . f, From the same region as Figure 1c , illustrating the focal nature of the changes we observed in FGF-2 distribution around the tracheal ring. surface of the BMZ. However, there was very intense immunoreactivity for FGF-2 within and around the adjacent basal cells (Fig. 3f) . The FGF-2 immunoreactivity associated with basal cells was on the cell surface, in the cytoplasm, and occasionally in the nucleus. There was also immunoreactivity for FGF-2 in the lateral intercellular space between columnar cells and in the ECM. Figure 3e is from the same region of the tracheal ring as Figure 1b , and Figure 3f from the same region as Figure 1c , illustrating the focal nature of the changes we observed in FGF-2 distribution in the tracheal ring.
Discussion
Remodeling of the BMZ involves increased deposition of collagens I, III, and V, resulting in thickening of the BMZ (Bousquet et al, 2000; Roche, 1997) . Also associated with BMZ thickening is the presence of tenacin and fibronectin (Chakir et al, 1996; Laitinen et al, 1997) . A number of growth factors are known to be important in airway remodeling, eg, FGF-2, epidermal growth factor, endothelin-1, insulin-like growth factor, and transforming growth factor-beta (Holgate et al, 2000) . Several of these growth factors have binding sites in the BMZ; however, only FGF-2 is stored in the BMZ (Iozzo, 1998) . In this study, we focused on FGF-2 in the developing tracheal BMZ in HDMA-sensitized infant rhesus monkeys, challenged with HDMA during the first postnatal 6 months. From our previous study, we know this is a time when the BMZ is undergoing active postnatal growth and FGF-2 plays a part in its development (Evans et al, 2002) . We found that the collagen BMZ increased significantly in width in the HDMA group, indicating that remodeling had occurred. In the HDMA group, there was increased expression of FGF-2 in the remodeled BMZ and adjacent basal cells. In the developing airway, increased expression of FGF-2 in basal cells is related to growth of the BMZ (Evans et al, 2002) , suggesting that remodeling of the BMZ was still occurring in the HDMA group. The significance of remodeling on functions of the BMZ is not known. A consequence of the increase in BMZ width is the potential to store an increased volume of FGF-2, suggesting that a larger pool of FGF-2 may exist in the tracheal BMZ of infant rhesus monkeys exposed to HDMA than in the filtered-air group. Such a pool of FGF-2 would be quickly available in response to stresses placed on the lung. This scenario is supported by the findings that baseline levels of FGF-2 are higher in bronchoalveolar lavage (BAL) from asthmatics than controls (Redington et al, 2001) . At 10 minutes after segmental bronchoprovocation, there was a 5-fold increase in FGF-2 levels in BAL fluid recovered from allergenchallenged sites compared with saline-challenged sites in asthmatics. Similar findings have been shown following oxygen-induced pulmonary injury (Buch et al, 1995; Powers et al, 1994) , demonstrating rapid release of FGF-2 from the BMZ.
In the HDMA group, many regions of the BMZ were associated with leukocyte trafficking. An influx of immune cells and eosinophils into the airway lumen is a characteristic of HDMA exposure to rhesus monkeys (Schelegle et al, 2001) . One way leukocytes may enter the airway lumen is through pores in the BMZ (Evans et al, 2000b; Howat et al, 2001) . Another is degradation of the BMZ by proteases. Degradation of the BMZ in the airways of asthmatics has been reported, and the matrix metalloproteinase MMP-3 has been implicated in this process (Dahlen et al, 1999) . In the present study, expression of collagen, perlecan, and FGF-2 immunoreactivity in the BMZ was greatly reduced in the areas of leukocyte trafficking, suggesting it had been degraded by proteases released by leukocytes. Because most aeroallergens are also potent proteinases, it is possible that repeated exposure to aerosols of HDMA could also cause focal proteolytic damage to the BMZ as well as stimulating an immune reaction Wan et al, 2001) .
In these areas of leukocyte trafficking, there was strong expression of FGF-2 immunoreactivity in and around the adjacent basal cells. Fibroblast growth factor FGFR-1 is a receptor for FGF-2. In the airways, only the basal cells express FGFR-1 (Evans et al, 2002; Hughes and Hall, 1993) . The FGF-2 released from the BMZ can be bound to the FGFR-1 on the surface of basal cells and initiate signaling pathways. This observation suggests that FGF-2 had been released from the BMZ and had relocated to the basal cell layer of the epithelium. Presumably, the basal cell-associated FGF-2 in these areas is being synthesized and utilized in an autocrine or paracrine manner by the basal cells.
There appears to be a significant relationship between basal cells, the BMZ, and FGF-2. Basal cells in the skin (Friedl et al, 1997; Hughes and Hall, 1993) and prostrate (Wang et al, 2000) as well as the developing airway (Evans et al, 2002) express FGF-2. Basal cells occupy a central position in the epithelial-mesenchymal trophic unit existing as a separate layer of cells covering most of the basement membrane. In this central position, they can interact with columnar epithelium, neurons, the basement membrane, and underlying mesenchymal cells. In addition, they interact with trafficking immune cells, neutrophils, and eosinophils. These interactions take place in the lateral intercellular space between basal and columnar cells. Basal cells express various molecules associated these processes such as neutral endopeptidase, CD44 adhesion molecule, intercellular adhesion molecule-1, and immunoglobulin E receptor. They also express the cytokine receptors, epidermal growth receptor, and FGFR-1 ). The FGF-2 is a ubiquitous multifunctional growth factor that has a variety of functions during development and in the adult. Presumably, FGF-2 signaling via basal cells is associated with growth, differentiation, and the response to leukocyte trafficking in the developing airway of infant rhesus monkeys.
This study shows that exposure to HDMA causes significant remodeling of the tracheal BMZ in infant rhesus monkeys similar to that found in adults (Schelegle et al, 2001) . It also implicates leukocyte trafficking, basal cells, and FGF-2 in the process of remodeling.
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Methods
Twelve infant rhesus monkeys, 30 days old and weighing 562.0 Ϯ 76.2 g, were selected for these studies from California Regional Primate Research Center colony-born rhesus macaques (Macaca mulatta). Care and housing of animals before, during, and after treatment complied with the provisions of the Institute of Laboratory Animal Resources and conforms to practices established by the American Association for Accreditation of Laboratory Animal Care.
Six monkeys were sensitized to HDMA (Dermatophagoides farinae) at age 14 and 28 days by subcutaneous inoculation of 12.5 g HDMA in 10 mg alum and intraperitoneal injection of 2.5 ϫ 10 11 heat-killed Bordetella pertussis cells. Sensitized monkeys were exposed to 11 episodes of HDMA aerosol for 2 hours/day (435 Ϯ 96 g/m 3 protein) for 5 days followed by 9 days of filtered air in order to simulate episodic exposure in humans. The HDMA sensitization was confirmed via skin testing with subcutaneous HDMA on day 38 of the exposure protocol. The six nonsensitized monkeys were exposed to filtered air (Schelegle et al, 2001) .
Following the exposure protocol, monkeys were euthanized with an overdose of pentobarbital after being sedated with Telazol (8 mg/kg im) and anesthetized with Diprivan (0.1-0.2 mg/kg/min, iv). The weight of the filtered-air group was 1513 Ϯ 137.2 g and the HDMA group 1522.0 Ϯ 167.9 g. Monkeys were then necropsied following exsanguination through the abdominal aorta and the lungs prepared for analysis as previously described (Schelegle et al, 2001 ). Tracheal samples were sliced perpendicular to the long axis of the airway into rings. Tracheal rings were fixed in 1.0% paraformaldehyde for 1 hour and embedded in paraffin.
For histology, 5-m sections of tracheal rings were stained with hematoxylin and eosin. For immunohistochemistry, 5-m sections of tracheal rings were deparaffinized in xylene, hydrated in ethanol, and washed in PBS. For collagen, sections were treated with pepsin (1.0 mg pepsin/ml 3.0% acetic acid) at 37°C for 2 hours and blocked with bovine serum albumin, treated with antibody to collagen I (1:250), or collagen V (1:500) (rabbit, anti-human polyclonal antibody; Biogensis, Kingston, New Hampshire) or collagen III (1:10,000) (mouse, anti-human monoclonal antibody; BioGenex, San Ramon, California) overnight at 4°C. For perlecan, sections were treated with 0.1% pronase in PBS for 30 minutes, rinsed in nanopure water followed by PBS, blocked with bovine serum albumin for 30 minutes, and incubated with an antibody to perlecan (1:2000; mouse, anti-human monoclonal antibody, clone 7B5; Zymed, San Francisco, California) overnight at 4°C. For FGF-2, the sections were treated with 0.1% H 2 0 2 in methanol for 60 minutes followed by 50 mg/ml bovine testicular hyaluronidase in 0.05 M Tris buffer (pH 7.6) for 30 minutes, blocked with 5.0% horse serum for 30 minutes, and incubated with an antibody to FGF-2 (1:750; mouse, anti-human monoclonal antibody, clone bFM-2; Upstate Technology, Lake Placid, New York) overnight at 4°C. As a control, the primary antibody was replaced with PBS. Following immunohistochemistry, the sections were washed in PBS, treated with the secondary antibody (1:1000; Alexa Fluor 568; Molecular Probes, Inc, Eugene, Oregon) for 30 minutes, washed in PBS, and the coverslip mounted in ELF fluorescent safe media (Molecular Probes, Inc). The secondary antibody was replaced with PBS as another control. Fluorescence was visualized on an Olympus BH-2 fluorescent microscope. All controls were negative.
The width of the BMZ was measured morphometrically to quantitate the immunohistochemical results. In human biopsy samples, it was demonstrated that 31 to 45 measurements, at least 20 m apart and covering 1000 m BMZ, are necessary to give an accuracy of Ϯ15.0% (Sullivan et al, 1998) . In this study, eight micrographs were taken equidistant apart around the circumference of the trachea. The width of the BMZ was measured at four points 50 m apart on each micrograph. A total of 1600 m of BMZ was sampled in each tracheal ring in this manner. The average width of the BMZ was determined from these measurements for each animal. The mean and standard deviation of BMZ width for each group of six animals was then determined. The differences between filtered-air and HDMA groups were compared using Students t test with significance set at p Ͻ 0.05. The differences within filtered-air and HDMA groups were compared with ANOVA using Fischer's least protected significant difference, with significance set at p Ͻ 0.05.
